ABSTRACT A simple assay for the detection of 35S-labeled methionine sulfoxide residues in proteins is described. The assay, which is based on the ability of CNBr to react with methionine but not with methionine sulfoxide, requires the prelabeling of cellular proteins with [3S]methionine. The assay was used to study the extent of methionine oxidation in newly synthesized proteins of both activated and quiescent human neutrophils. In cells undergoing a phorbol 12-myristate 13-acetate-induced respiratory burst, about 66% of all methionine residues in newly synthesized proteins were oxidized to the sulfoxide derivative, as compared with 9% in cells not treated with the phorbol ester. In contrast, quantitation of methionine sulfoxide content in the total cellular protein by means of amino acid analysis showed that only 22% of all methionine residues were oxidized in activated cells as compared with 9% in quiescent cells. It is proposed that methionine residues in nascent polypeptide chains are more susceptible to oxidation than those in completed proteins.
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Methionine residues in proteins can readily be oxidized to the sulfoxide derivative in the presence of suitable oxidizing reagents, a reaction that can result in the inactivation of certain proteins (for reviews, see refs. 1 and 2). Despite indications that sulfoxidation of methionine may occur frequently under physiological conditions, the importance of this reaction remains largely unrecognized (3) . The absence of a rapid facile assay for the detection of methionine sulfoxide [Met(O)] residues in proteins has hindered studies in this area. Because Met(O) is unstable to acid hydrolysis (4), long and tedious methods, involving alkaline hydrolysis or alkylation of methionine, are normally used (5) . The present report describes a simple assay for the detection of Met(O) residues in proteins labeled with [3S]-methionine. The assay, which is based on the ability of CNBr to react with methionine but not with methionine sulfoxide (6) , was used to examine the oxidation of methionine residues in human neutrophils.
Neutrophils were chosen for these studies because of their ability to produce copious quantities of oxidizing reagents on activation. As part of their microbicidal response, neutrophils can be activated by a variety of agents such as chemotactic peptides, complement, insoluble particles, and others (7) . The activated cells undergo a respiratory burst during which they produce oxidizing reagents such as superoxide anion (O°), hydrogen peroxide (H202), hydroxyl radicals, and hypochlorite ions (8-10), which are highly toxic to extracellular microorganisms and tissues (9, (11) (12) (13) . These reagents can also inactivate chemotactic peptides and other polypeptides through selective oxidation of methionine residues (14) (15) (16) (17) (18) . Recently, it has become apparent that the indiscriminate release of these oxy-radicals can damage the neutrophils themselves. Several studies have shown that the respiratory burst can lead to a decrease in neutrophil function through autooxidation (19) (20) (21) (22) and to possible inactivation of intracellular proteins (23) . In view of the high sensitivity of protein-bound methionine residues to these oxidizing reagents and the ability of added free methionine to diminish this oxidative damage (21) , it was of interest to examine the level of Met(O) in proteins from neutrophils treated with phorbol 12-myristate 13-acetate (PMA), a potent inducer of the respiratory burst (24) (25) (26) (32) .
Enzyme Assays. Triton X-100 (Rohm and Haas) (final concentration, 0.2%) was added directly (33) to suspensions of neutrophils that had been incubated in the presence or absence of PMA, as described above. The preparations were centrifuged at 12,000 X g for 15 min, and the supernatants were assayed for enzymatic activity. Met(O)-peptide reductase activity was determined as described (32) . Lysozyme and lactate dehydrogenase activities were assayed using established procedures (34, 35 The effect of PMA concentration on the oxidation of methionine residues in proteins was also determined. As shown in Table 4 , the concentration of PMA used in these studies (100 60 TIME OPMA ADDI to tubes containing neutrophils (0.5 ml, 7 x 106 cells) in Pi/NaCl/2 mM glucose, and the cells were incubated at 370C with shaking. PMA (final concentration, 100 ng/ml) was added to different tubes at various times afterthe introduction of [%]methionine. Thirty min after the addition of [3Slmethionine, the cells in all tubes were pelleted. The supernatants, containing proteins released through degranulation, were retained. The cell pellets were washed once with 0.5 ml of Pi/NaCl and then suspended in Pi/NaCl/2 mM glucose/PMA (100 ng/ml) and further incubated so that each cell suspension was exposed to PMA for a total of 30 min. The cell suspensions were then combined with the respective retained supernatants, protein preparations were obtained from each tube by procedure ii as described in Materials and Methods, and [35S]Met(O) content was determined by the CNBr assay. The respiratory burst of the resuspended cells, as indicated by superoxide production, was measured and found to be equivalent to that of unwashed cells. The present studies show that the oxidizing reagents produced by neutrophils during PMA-induced respiratory bursts can oxidize intracellular protein-bound methionine residues. Although the possible oxidation of tryptophan and cysteine residues cannot be excluded by these studies, no other amino acid appeared to react under the conditions used. These data are in agreement with the results of other studies, which have shown that, under certain conditions, methionine residues may be more readily oxidized than other amino acids such as tryptophan, tyrosine, and histidine (3, 31) . It is, therefore, possible that the interaction of the oxidizing reagents with methionine residues in proteins may be a significant cause of the dysfunctions observed in neutrophils that have undergone a respiratory burst (19-23, 36, 37) .
Although the oxidation of methionine residues does not always result in protein inactivation (3, 38) , significant reduction in biological activity has been observed with numerous proteins (1, 2) . In these studies, three enzymes, lysozyme, lactate dehydrogenase, and Met(O)-peptide reductase, were partially inactivated in PMA-treated neutrophils. Although this decrease in activity cannot be attributed, as yet, to methionine oxidation, another study has shown that the oxidation of methionine residues in lysozyme results in the inhibition of enzymatic activity (39) . It should be noted that, because PMA induces degranulation and partial cell lysis in neutrophils, some of the observed inactivation of these enzymes may have occurred in the extracellular medium (23, (40) (41) (42) (Table 3 ). The elevated level of Met(O) in the newly synthesized proteins suggests that methionine residues in nascent polypeptide chains are more susceptible to oxidation than are those in intact proteins. It is known that the reactivity of methionine residues with oxidizing reagents is dependent on their location in the protein (43) (44) (45) (46) (47) . Because methionine residues are usually located within the hydrophobic interior of proteins (31), they may, therefore, be more resistant to oxidation than methionine residues in nascent polypeptide chains. Further evidence for the high sensitivity of methionine residues in nascent polypeptide chains is provided by the observation that high concentrations of Met(O) (up to 25%) were found occasionally in the newly synthesized proteins but not in the preexisting proteins of neutrophils not treated with PMA. Freshly isolated neutrophils were frequently activated to a low degree (evidently by the isolation procedure) and produced small, yet detectable, amounts of O2. These data suggest that low concentrations of oxidizing reagents may cause significant oxidation of methionine in proteins. Although it is likely, therefore, that, under conditions of a physiological respiratory burst, newly synthesized proteins would be inactivated to a greater extent than preexisting proteins, it is not clear what effect this would have on the viability of neutrophils and whether this damage can be repaired by endogenous Met(O)-peptide reductase (48, 49) .
In general, the assay described here should prove useful in the study of methionine oxidation in tissues and cell cultures in which adequate radiolabeling can be achieved. Moreover, because only radiolabeled methionine residues are subject to analysis with this assay, pulse-chase experiments should facilitate the examination of methionine oxidation under a variety of metabolic conditions or at different stages of the cell cycle.
Note Added in Proof. Recent experiments have shown that the CNBr assay is complete after 1 hr at 600C.
